In order to determine the peculiarities of ironcarbon alloys crystallization, the magnetic susceptibility was measured in a wide temperature range during heating and subsequent cooling. It was found that if the carbon content is 0.5 + 1.0 wt.% then the metastable δ-phase appears while cooling. On the other hand, the behaviour of other alloys can be described by the equilibrium diagram. The assumption of δ <->y phase transition in the Fe-C melt was made on the basis of the obtained results. In the framework of local state representation of statistical mechanics of classical systems, proposed by A. Patashinski and M. Chertkov, all necessary calculations were made and the probable position of the new line in the phase diagram was indicated.
INTRODUCTION
The properties of iron-carbon alloys have been of permanent interest to investigators for a long time. The reason for this lies not only in the demands of the steelmaking industry, but also in the complexity of the Fe-C phase diagram, especially at high temperatures. In spite of the fact that a great variety of experimental data exist, they are sometimes dubious and contradict each other. To some extent this may be explained by the lack of proper control of impurities always existing in the samples. At the same time, it is known that the variation in oxygen concentration, for example, in iron from 0.001 to 0.01 wt.% influences greatly both the absolute values of the physical properties and the phase transition temperatures III. We believe that another reason for the difference in data obtained is concerned with the difficulties in making high temperature experiments, especially in the range of the liquid state. In order to get true and valid results, providing complete information on melt structure, one has to follow the rules presented in 111. The most important of them are the following:
1. In order to achieve temperature equilibrium in a sample and the end of the relaxation processes, measurements should be made only after long isothermal periods. 2. The measurements should be carried out during heating and subsequent cooling because abnormal behavior in the melt can be registered only during heating. While cooling, the high temperature melt structure may be stable (metastable) below T an as well.
The aim of our paper is to study the crystallisation peculiarities of Fe-C alloys containing up to 2.0 wt.% of carbon the basis of examining their magnetic susceptibility χ temperature curves. The fact is that the absolute values of χ of iron δ and γ phases differ from each other by more than 30% and χ of the liquid phase has intermediate values. Analysing the χ(Τ) temperature dependences it is always possible to say which phase appears from the melt at the beginning of crystallisation and how it changes.
EXPERIMENTAL

Method and Equipment
The magnetic susceptibility measurements were made by Faraday's method in the magnetic field 0.9 T. Samples with a mass of 0.8«10" 3 kg. in AI2O3 crucibles were placed into a chamber which was outgassed up to 1.33«10" 3 Pa. and then filled up with helium of high purity to 1.52*10 5 Pa. All experimental curves were received with steps of 10 to 15 Κ and isothermal intervals of 4 to 5 min. at each temperature, under heating and subsequent cooling. In order to prevent intensive melt mixing, we used a bifilar graphite heater of complex shape. It also permitted us to create a slowly reduced atmosphere in the chamber and to decrease the level of vibration to a 40 dB loss in comparison with the analogue equipment. The application of a special measuring bridge allowed us to register with high accuracy the signal proportional to the force acting upon the sample from the inhomogeneous magnetic field, which greatly increases the installation sensitivity. Thus the accuracy in the absolute value of magnetic susceptibility is ±1.9% and in the determination of its temperature dependence it is ±0.8% under Ρ = 0.95.
Sample Preparation
Special attention was paid to preparation of the samples to be investigated. They were obtained by remelting of a charge of carbon iron and spectroscopically pure carbon during 2-3 hours at 1900 Κ in a helium atmosphere, about 30 Fe-C alloys were melted altogether. Before and after the experiments, the samples were analysed for carbon, oxygen and some impurity elements. The carbon content was determined by an electrometric titration method with the help of the AN-29 express analyser (the measurement range was 0.03 -2.0 wt.% C, sensitivity -0.001 %C, the maximum difference of readings between experiments -0.005 %C). The oxygen content was determined by the reduction melting method in an inert gas flow in the Monomat equipment produced by Strohlein (the measurement accuracy -1%, sensitivity -10 -5 %). It was found that the impurities contents practically did not change during the experiment, whereas the oxygen concentration decreased by 2 to 3%. We assume that the oxygen content may be regulated by the carbon during the melting process and cannot exceed the low equilibrium value. We also neglect the influence of all other impurities except oxygen and carbon, i.e., we consider only the system Fe-C-O.
RESULTS
Typical temperature dependences of magnetic susceptibility of Fe-C alloys are plotted in Fig. 1 . It is seen that at low C,0 contents these curves coincide with χ(Τ) for a pure iron. The γ->δ phase transition and the melting point are strictly fixed by the abrupt increasing and decreasing of χ, respectively. The temperature range in which the δ phase exists diminishes, while [C] increases and vanishes at 0.11 wt.%. This fact is consistent with the known phase diagrams /3/ (according to these, the δ phase vanishes at 0.1 wt.%). Nevertheless, some "memory" of the δ --OJ be explained by burning down the carbon during the experiment. The last statement can be justified by the chemical analysis and also by the coincidence of χ values in the γ phase during heating and subsequent cooling. It should be mentioned that the value of melt heating above liquidus does not influence crystallisation for the carbon content given above. On the other hand, the temperature interval in which the metastable δ phase exists increases weakly with the oxygen concentration.
The second essential feature we found are the anomalies (jumps) of χ(Τ) in the temperature range of 1500 -1700°C (Fig. 2) . It was shown that the jump values and their appearance temperatures are determined by the carbon content. Both of these values decrease with increasing [C] and vanish at 1.0 wt.%. As a rule, these jumps are reversible, but in some cases their "supercooling" was observed (Fig. 2b ). An increase in the oxygen content shifts this picture as a whole to lower [C] . Similar jumps were observed while heating at ~1470°C in the two-phase domain γ + liquid. The value of these jumps is smaller than for those in X-10 In order to analyze the data obtained we tried to calculate some electron characteristics on the basis of χ(Τ) temperature dependences. Such a work is fairly tedious and it deserves special attention, so it will be presented in another paper. Only preliminary results for the metastable δ phase will be given below. We assume that χ(Τ) can be described by the generalized Curie-Weiss law:
where C is the Curie constant, θ is the paramagnetic Curie temperature and χο is a T-independent addition to the magnetic susceptibility. This expression is valid if one assumes that 3 d electrons can be divided into localized and collectivized ones. Pauli magnetism of the latter determines the χο value which is proportional to the density of states on the Fermi level -N(E f ) /4/:
where Μ is the atomic weight, ξ -exchange factor (ξ = 2-4 according to Ι5Γ). The second term in (1) describes the Curie-Weiss paramagnetism of localized electrons, i.e., information about the effective magnetic moment of Fe atoms can be extracted from this term:
Thus Heff and N(Ef) can be determined from χ(Τ). It was convenient to divide all samples with the δ phase while cooling into 3 groups by the carbon content: 0.03 -0.105, 0.15 -0.46 and 0.5 -1.0 wt.%. For the first group, a pure δ phase should appear on cooling, and the two-phase area δ + liquid is appropriate for the second one. The third group has no δ phase according to EPD. It was found that, for the first group, carbon increases the 0 parameter from 980 Κ at 0.03 wt.% to 1050 Κ at 0.105 wt.%. At the same time, Heg-and N(Ef) decrease from 2.96 6to 2.84 μ*, and from 3.26 to 1.80 ev" 1 , respectively. For the second group, the electron characteristics practically do not change with carbon content and are θ = 1050 Κ, N(Ef) = 1.5 ev 1 , and μ^ = 2.88 μ*,. For the third group, a slow growth of θ up to 1140 Κ and abrupt decreasing of N(Ef) to 0.56 ev" 1 at 0.8 wt.% were observed. At the same time the effective magnetic moment decreases from 2.76 to 2.54 μ^. These electron characteristics allow the statement that crystallisation in the range of carbon content of 0.5 -1.0 wt.% begins just in the δ phase. Such a statement gives rise to the idea that crystallisation into the metastable δ phase is caused by the corresponding melt structure. The presence of anomalies in the χ(Τ) temperature dependences makes it possible to formulate an assumption that the melt structure in the range of carbon content of 0 -1.0 wt.% is δ-like near the liquidus and it turns out to be δ-like with temperature increase. We shall try to justify this assumption by calculations in the framework of the model discussed below.
DISCUSSION
For the discussion of the data obtained we shall use the local state representation in statistical mechanics of classical systems. It was offered by Patashinski and Chertkov 191, and here we will follow this paper.
Local state representation
In the theory of phase transitions, the concept of local order allows one to simplify the description of the system. A coarse graining up to some intermediate scale makes all freedoms except a few irrelevant, these being the components of the order parameter field. In the simplest case, this field has only one component (the scalar order parameter). For condensed systems, the presence of fixed local order for spacing of atoms in a small (containing ~10
2 ) local volume is well justified, that fact proves that among all possible states of such a local volume ÖV, only a few have a visible probability of realization. It is necessary to take into account only those states. So the mathematical construction of the general model considered here is based on the representation in terms of local states. Namely, the system consists of local volumes 5V(r). Each volume can be found in one of k local states. We will denote the states by the index, i, i = l,k. One can introduce the kcomponent vector a,(r) by the rule: CTj(r) = 1, if the state of volume 6V(r) has the number i, and a;(r) = 0 in another case. The energy of the system can be written in the form:
In what follows we apply the described formalism to some physical situations. 
Η{σ) = -E<r)Ml}(r -r>;(r')-Σ ^(r)a,(r) (4)
kl· 1 where the summation is going over all possible configurations, is the order parameter in the theory. As can be seen from the definition, a>;(r) is the probability of the state number i in the volume 5V(r), and At equilibrium, the minimum of F is realized:
with an additional condition (6). In the explicit form one obtains
Et(r) = Σ Μφ -r')<jjj(r') + a,-(r) The condition (6) is automatically fulfilled for the solutions of (9). These equations may have a set of solutions depending on the parameters of the theory: Mjj, α;, T. In the vicinity of the first order phase transition, we expect at least two minima, which correspond to the stable and metastable phases. The stable solution corresponds to the lowest minimum of F.
Example: Potts model and melting
The simplest system with a discrete set of local states is the two-state system, equivalent to the Ising model. The other case is the k-state model with Mtj(r -r') = J(roti(r) = 0 (10) usually referred to as the Potts model. The latter condition makes the values of ω;(Γ) space-independent.
At high temperatures, equal probabilities for all states are expected:
For low temperatures, this symmetry is spontaneously broken, and one state (the first, for example) has the probability ω ι>ρ All other k-1 states are occupied with equal probabilities:
The latter assumption reduces the equations (9) to one variable x:
The low-temperature solution χ « k-l/k exists for temperatures T<Tj. The high-temperature solution x=0 exists for all T, but is stable (corresponds to the minimum of F) only for T>T2. the phase transition from x*0 to x=0 is of the first order and takes place at T=T3. For k»2:
where Τι, T2 are the spinodal temperatures for χ and x=0 phases, respectively. It was shown in /6,8/ that the Potts model can be successfully applied to the liquid-crystal phase transi-tion. In this case, local states can be interpreted as different orientations of local volumes. At low temperatures, the system is ordered orientably: all local volumes with probability »1 have one and the same orientation. At high temperatures, all orientations are of equal probabilities. The temperatures Τι, T2,T3 can be referred to as crystal and liquid spinodals and melting point, respectively.
A more detailed justification of the validity of the Potts model for liquid-crystal phase transition can be found in I'll. It is interesting that an appropriate choice of the parameters J, k gives one the possibility to connect correctly a few values, such as spinodal temperatures, latent heat of transition, the heat capacity jump on melting. It is a great success for such a simple model.
Application to Fe-C system
It is well-known that in crystals the competition between different types of local order gives rise to a polymorphous phase transition (PPT). This means that interatomic interaction in local volumes 5V provides a few deep and narrow minima of energy as of function of the parameters of local order (interatomic distances, coordination numbers, etc.). Those minima can be referred to as possible types of local structure. For the Fe-C system, those types are FCC-like, BCC like, and the cementite local structure of type Fe 3 C, appearing due to the presence of carbon atoms. According to the model described above, the local state vector for such a system has two components: aj^r), where the upper index corresponds to the type of local structure (i = 1 -> BCC, i = 2 -» FCC, i = 3 Fe 3 C), and the lower one denotes possible orientations (k = l,nj for i = 1, k = l,i)2 for i = 2, k = l,n 3 for i = 3). The energy of the system has the form: The values (16) are of straight sense: Ji, J2, J3 are the energies of crystal ordering for δ phase, γ phase and cementite, respectively, and the ε, ε 13 , S2 3 are the surface tensions between the above phases.
The structure of the mean-field order parameter is of the form:
It is easy to interpret the values (17): ρ is the mean probability of the first structure, ξ -ρ is the probability of the second one, 1 -ξ is the same for the third structure. Parameters χ = -, y = ^ can be treated as G>1 <o 2 the parameters of crystal order for the δ and γ phases, x, y » 0 for the crystal and x, y = 1 for the liquid. The expressions (17) reduce the mean-field equations (9) It should be mentioned that there is some difference with respect to the general model described above. Namely, the value ξ is fixed because the carbon content is fixed. This fact leads to the appearance of equilibrium two-phase domains at the PD of the system in Τ-ξ variables. The thermodynamic potential F can be calculated as a function of fixed ξ: one has to change the parameter a.3 -> ä 3 for ξ to be the solution of the MFA equations. Then the value (1-ξ)α 3 should be added to the equilibrium value of F (per unit volume):
where ω J, are the solutions of the MFA equations which now have the form:
These expressions permit calculation of the lines of the phase diagram in the usual way. We calculated the parameters of the model from the condition of coincidence of the lines of model PD with the real ones. The latter were taken from /3/.
The most interesting fact is that the model predicts continuation of the δ -» γ PPT into the liquid area where it terminates in a critical point with coordinates T c [C] Below T c , the local structures of the δ and γ types in the melt are well distinguished and divided by the PPT line, while above it they are degenerated by thermal fluctuations. The PPT is of the first order anywhere except at the critical point, where it turns out to be of the second order.
The phase diagram
The above calculations and obtained data (see Sec.
2) allow us to offer an approximate shape of the phase diagram of a Fe-C-O system with an oxygen content of 0.001 -0.0015 wt.%. It is presented in Fig. 3 . The positions of anomalies, described in Sec. Crystallisation peculiarities and the behaviour of the magnetic susceptibility χ can be well understood with the help of this diagram. The metastable crystallisation into the δ phase in the range of a carbon content of 0.5 -1.0 wt.% occurs due to the δ-structure of the melt. Domains 8 and 9 of the PD from Fig. 3 are divided by the horizontal line on which the transition between δ and γ liquids in the two-phase domain takes place. The anomalies in χ(Τ) temperature dependence should appear near the PPT lines in the liquid. But the value of these anomalies should be lower than in the crystal state, because the magnetic susceptibility absolute values for δ and γ liquids differ slightly from each other. Such a behaviour of χ(Τ) was determined in our experiments (see Sec. 3).
Here some observations of a general character should be made. The model considered is only approximate. Only main features of the Fe-C system (the presence of three types of local structures, their surface interaction and crystal ordering) were taken into account; so the description of the situation is not exact. The phase diagram presented in Fig. 3 is rather a caricature than a photo of the real thing. Nevertheless, the possibility to reproduce the convenient part of the PD within the framework of the model and our experimental data are evidence of its qualitative validity. We believe that ascertaining the exact PD shape should be the subject of a single, rather experimental work.
The critical point lies at the PD for a small but finite carbon concentration, so there exists a small range in the carbon content near the pure Fe for which PPT does not take place. Nevertheless, a rapid change in the order parameter ρ must be observed near the critical point and it may lead to abnormal behaviour of the properties. It should be stressed that the presented PD is valid only if the oxygen content is fixed in the range of 0.001 -0.0015 wt.%. Changing the oxygen content will deform the shape of the PD due to changes in the parameters of the model. In what follows, a rigid chemical analysis should be performed while examining the behaviour of pure Fe in the temperature range of 1550 -1800°C.
CONCLUSIONS
The data obtained and the calculations presented allow us to formulate the following conclusions:
1. The magnetic properties of the Fe-C alloys at high temperatures depend strongly on the oxygen content. Its changing influences both the absolute values of magnetic susceptibility and the shape of the temperature curves χ(Τ). 2. It was found that in the range of carbon content of 0.5 -1.0 wt.%, the metastable δ phase appears during crystallisation. These frames are valid if the oxygen content is fixed in the range of 0.001 -0.0015 wt.%. 3. The χ(Τ) temperature dependences are characterized by the presence of anomalies (jumps) in the melt in the temperature range of 1500 -1700°C. The value and the temperature of the anomaly decrease with increasing carbon and oxygen contents. 4. Similar but reverse anomalies were observed at 1470°C in the two-phase PD domain. Their value is smaller than that in the melt but increases with the carbon content. 5. The data obtained can be interpreted with the help of local state representation in the statistical mechanics of classical systems (see Sec. 3). 6. Continuation of the δ γ PPT line into the liquid area was assumed and calculations of the coordinates of the critical point were presented. The
